Glutamate racemases (GR) catalyze the racemization of D-and L-glutamate and are targets for the development of antibiotics. We demonstrate that GR from the periodontal pathogen Fusobacterium nucleatum (FnGR) catalyzes the racemization of D-homocysteic acid (D-HCA), while L-HCA is a poor substrate. This enantioselectivity arises because L-HCA perturbs FnGR's monomer-dimer equilibrium toward inactive monomer. The inhibitory effect of L-HCA may be overcome by increasing the total FnGR concentration or by adding glutamate, but not by blocking access to the active site through site-directed mutagenesis, suggesting that L-HCA binds at an allosteric site. This phenomenon is also exhibited by GR from Bacillus subtilis, suggesting that enantiospecific, "substrate"-induced dissociation of oligomers to form inactive monomers may furnish a new inhibition strategy.
Glutamate racemase (GR, EC 5.1.1.3) catalyzes the 1,1-proton transfer that reversibly interconverts the enantiomers of glutamate (Glu) via a two-base mechanism wherein two active-site cysteine residues located on opposite sides of the a-carbon stereocenter act as Brønsted acid-base catalysts depending on the reaction direction (Scheme 1) [1] . As such, the enzyme furnishes the supply of D-Glu required for the biosynthesis of peptidoglycan [2] [3] [4] , which encapsulates the majority of bacterial cells, protecting them against osmotic lysis [5] [6] [7] [8] , and poly-c-glutamate (in Bacillus spp.) [9] [10] [11] [12] [13] . Recently, a bifunctional enzyme from Chlamydia trachomatis capable of GR and diaminopimelate epimerase activities has also been described [14] . The genes encoding GRs have been shown to be essential in many bacterial species [15] [16] [17] [18] [19] and, consequently, a variety of compounds have been reported as GR inhibitors [20, 21] . Primarily, two strategies for developing GR inhibitors have been described. First, a variety of Glu analogs have been successfully developed as inhibitors [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] , and second, inhibitors that bind at allosteric sites have been discovered [4, 26, 27, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . Because of the importance of GR as an antibacterial target, the development of alternative inhibition strategies remains an important goal.
Abbreviations BN, blue native.; BsGR, Bacillus subtilis glutamate racemase; CD, circular dichroism; d H , mean hydrodynamic diameter; DLS, dynamic light scattering; FnGR, Fusobacterium nucleatum glutamate racemase; GR, glutamate racemase; HCA, homocysteic acid; HPLC, high-performance liquid chromatography; IBLC, N-isobutyryl-L-cysteine; OPA, o-phthaldialdehyde; PAGE, polyacrylamide gel electrophoresis; RP-HPLC, reversed-phase HPLC; SDS, sodium dodecyl sulfate.
Previously, we characterized GR from Fusobacterium nucleatum (FnGR) [46] . This Gram-negative obligate anaerobe [47] promotes the onset of periodontal disease by facilitating the co-aggregation of different bacterial species in oral biofilms, leading to plaque formation, permanent establishment of pathogenic strains within the oral cavity, and subsequent periodontal pathology [48, 49] . Unlike most other GRs, FnGR is a pseudosymmetric enzyme, catalyzing the racemization of Glu enantiomers with similar kinetic parameters and exists predominately in dimeric form [46] . While some GRs exhibit substrate-induced dimerization to form active enzyme [50] [51] [52] , the position of the monomer-dimer equilibrium for FnGR is not substantially altered in the presence of Glu [46] .
In the present study, we explored the ability of FnGR, as well as GR from Bacillus subtilis (BsGR), to utilize homocysteic acid (HCA) as an alternative substrate. Surprisingly, depending on the relative concentrations of substrate and enzyme employed in kinetic studies, we found that under certain conditions, only D-HCA was turned over, whereas under other conditions, both D-and L-HCA were racemized by FnGR. Herein, we show that this paradoxical behavior arises because of enantiospecific, ligand-induced shifting of the monomer-dimer equilibrium to favor the monomeric form of the enzyme, resulting in the loss of enzyme activity. Such enantioselective, "substrate"-induced shifting of the oligomerization equilibrium to favor the inactive form has not been observed previously with GRs and suggests a new inhibitor design strategy.
Materials and methods

Reagents
All reagents were from Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada), unless otherwise specified. Continuous enzyme assays were conducted using a JASCO J-810 spectropolarimeter. For high-performance liquid chromatography (HPLC) analyses, a Waters 510 pump and 680 controller were used for solvent delivery. Injections were made using a Rheodyne 7725i sample injector fitted with a 50-lL injection loop. Analytes were detected using a Waters 474 scanning fluorescence detector.
Enzyme purification
Escherichia coli BL21 (DE3) cells, transformed with either the pET-15b-FnGR, pET-15b-BsGR, or pET-15b-FnGR A151V variant-encoding plasmids, were used for protein overproduction, as described previously [46] . These plasmids encode their corresponding recombinant GRs (BsGR and FnGR) as fusion proteins with an N-terminal (His) 6 tag and an intervening thrombin recognition sequence. Protein overproduction was induced in mid-logarithmicphase cultures grown in Luria Bertani medium at 37°C by the addition of isopropyl-b-D-thiogalactopyranoside to the final concentration of 1 mM. The cells were lysed by sonication and the soluble (His) 6 -tagged GRs purified using nickel ion affinity chromatography, as described previously [46] . The proteins were purified to ≥95% homogeneity as assessed using sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) [53] . Protein concentrations were determined using the Bio-Rad Protein Assay (Bio-Rad Laboratories, Mississauga, ON, Canada) with bovine serum albumin (BSA) standards. The purified proteins were dialyzed into potassium phosphate buffer (assay buffer; 10 mM, pH 8.0) containing dithiothreitol (0.2 mM), aliquoted, and stored at À80°C. Thrombin-catalyzed removal of the (His) 6 -tag was conducted as described previously [46] . Completion of the cleavage was verified using SDS-PAGE. Unless specified otherwise, all enzyme assays were conducted using (His) 6 tagged GRs.
Continuous enzyme assays
FnGR-catalyzed racemization of L-Glu and D-Glu was assayed directly using a circular dichroism (CD)-based assay [54] , as described previously [46] . Reactions were conducted at 30°C in assay buffer, and the racemization of both enantiomers of HCA (2.5-45.0 mM) was followed by monitoring the change in ellipticity at 204 nm. (His) 6 -BsGR, respectively. All kinetic parameters were determined at least in triplicate and average values are reported. The reported errors are the standard deviations.
Native-PAGE analysis
Blue native (BN)-PAGE gels were prepared and discontinuous native-PAGE was conducted as described elsewhere [46, 55, 56] . 
Reversed-phase HPLC (RP-HPLC)
The racemization of D-and L-HCA was also followed using a modified RP-HPLC-based assay [57] . Briefly, FnGR or BsGR, appropriately diluted with the assay buffer, was pre-equilibrated at 30°C for 10 min, and the enzyme-catalyzed reaction was initiated by the addition of enzyme to the appropriate amount of similarly pre-equilibrated solution of either D-or L-HCA in assay buffer. Aliquots (90 lL) were withdrawn at various times, the reaction was stopped by addition of HClO 4 (3 M, 15 lL), and the volume brought to 115 lL with the assay buffer. Following centrifugation (5 min, 12 000 g), the supernatant (100 lL) was neutralized with KOH (6 M, 8 lL), centrifuged (5 min, 12 000 g), and then frozen and stored at -20°C. Immediately before derivatization with o-phthaldialdehyde (OPA) and N-isobutyryl-L-cysteine (IBLC), the neutralized frozen supernatant solutions were thawed and diluted 200-to 400-fold in the reaction buffer. This solution (10 lL) was mixed with freshly prepared derivatization reagent (10 lL) obtained after combining 
The reported K d value for wild-type FnGR with D,L-Glu is the average of values obtained from three independent titrations; the error is the standard deviation.
Dynamic light scattering (DLS)
DLS measurements were conducted using a BI-200SM goniometer and light scattering system equipped with Mini-L30 diode laser (637 nm, 30 mW, Brookhaven Instruments, Holtsville, NY). Stock solutions of substrates or potential substrates (L-Glu, D-Glu, D,L-Glu, L-HCA, and D-HCA) were prepared in assay buffer. The assay buffer and ligand solutions were filtered separately through 0.2-µm nylon syringe filters (Chromatographic Specialties Inc, Brockville, ON, Canada) and pre-equilibrated at 30°C prior to addition of either FnGR or BsGR (64.0 µgÁmL -1 ). The final solution was then filtered through a nylon filter into a Suprasil quartz cuvette (75 9 10 mm; Hellma Analytics, Plainview, NY) and DLS measurements were recorded at a fixed angle of 90°for 150 s. The temperature of the sample cell was maintained at 30°C. To obtain the correlation function, a delay range of 5.0 µs was used for the first delay and 100.0 ms for the last delay, with 200 channels. Autocorrelation functions were generated by a TurboCorr Digital Correlator and the data were fitted using a nonnegative least squares algorithm (Brookhaven Instruments DLS software v. 5.89) to determine the intensity-and number-weighted distributions of GR monomers or dimers in the presence or absence of specific ligands. The refractive index and viscosity of the buffer (with and without GR) were determined using a Mettler Toledo Refracto 30GS refractometer (Mississauga, ON, Canada) and RheoSense µVISC viscometer (San Ramon, CA), respectively. The sample homogeneity was examined during each measurement by observing the polydispersity index.
Calculation of hydrodynamic diameter (d H )
The BI-200SM software records the intensity of the scattered light along a scattering vector (q) as a function of time. The resulting autocorrelation function for fluctuations in intensity of scattered light with respect to time was fitted by Eqn 3 to determine the decay times (s) for the particles in the solution [59] .
This decay time was subsequently converted into a decay or relaxation rate (Г) using Eqn 4.
The decay rate (Г) is directly related to the translational, diffusive motion of the center of mass of the scatterer and is expressed as the translational diffusion coefficient (D T ) as given in Eqn 5.
As shown in Eqn 6, the magnitude of the scattering vector (q) is proportional to the refractive index of solvent (R I ), which was 1.332.
The scattering angle (h) was 90°and the wavelength (k) of incident laser was fixed at 637 nm. For small spherical scatterers, the hydrodynamic diameter (d H ) may be calculated from the diffusion coefficient using the StokesEinstein equation (Eqn 7),
where k B is the Boltzmann constant; T is the absolute temperature; and g is the viscosity of the bulk solvent. The latter was 0.811 mPaÁs (at the assay temperature of 303 K) and did not change under any of the experimental conditions.
Results and discussion
In general, GRs exhibit restricted substrate specificity with respect to the charge distribution and side chain length of the potential substrate [50, 51, 54] . These observations are in accord with the incommodious nature of the active site and specific electrostatic interactions observed in crystal structures of GRs with bound substrate or inhibitors [4, 20, 29, 51, [60] [61] [62] [63] . Since Lhomocysteine sulfinate was shown to be a substrate for GRs from B. subtilis [64] and Pediococcus pentosaceus [65] , we explored the ability of FnGR to utilize the Glu analog HCA as a substrate and compared the results with those obtained for BsGR.
HCA as a substrate
Under the assay conditions we employed routinely for the CD-based assay of ). This lower efficiency arose primarily from the weaker binding of D-HCA (K m = 23 mM) by FnGR, relative to D-Glu (K m = 1.7 mM) (assuming K m approximates K S ). Only when the concentration of FnGR was increased to 25.0-50.0 lgÁmL -1 were we able to observe turnover of L-HCA to D-HCA, but only at low concentrations of L-HCA (i.e., 2.5-8.0 mM; Table 1 ). Because CD-based assays are not particularly well suited for measurements of relatively small changes in ellipticity of solutions containing high concentrations of substrate, we turned to a more sensitive RP-HPLCbased assay to assess whether FnGR could utilize L-HCA as a substrate at higher concentrations (i.e., 20.0-30.0 mM). We followed the racemization of both enantiomers of HCA over time by measuring the fluorescence of the OPA-IBLC derivatives of both the substrate and the reaction product. Using the same enzyme concentration (6.25 lgÁmL -1 ) and buffer composition as those used for the CD-based assay, we found that indeed no racemization occurred when the reaction mixture contained 30 mM L-HCA, despite prolonged (up to 14 h) incubation times. Similarly, no reaction was observed when the concentration of FnGR was increased to 25.0 lgÁmL -1 and the racemization of the substrate (20 mM) was followed over the course of 4 h (Fig. 1A) . Under the same experimental conditions, however, racemization of D-HCA proceeded to equilibrium within 1 h after initiation of the reaction (Fig. 1B) . The ability to catalyze the racemization of L-HCA and not D-HCA was also exhibited by FnGR with the N-terminal (His) 6 -tag removed (data not shown), and hence, this unusual selectivity exhibited for the enantiomers of HCA as a substrate was not due to the presence of the (His) 6 -tag. To determine if this unusual kinetic asymmetry was unique to FnGR, we examined the ability of BsGR to catalyze the racemization of HCA. Interestingly, under the CD-based assay conditions, again only the racemization of D-HCA appeared to be catalyzed by BsGR
, while the L-enantiomer was not turned over (Table 1) . Again, the efficiency with D-HCA as a substrate was reduced (~7-fold) relative to D-Glu. To determine whether BsGR could catalyze the racemization of L-HCA at higher concentrations of enzyme and substrate, we employed the more sensitive RP-HPLC , regardless of an extended incubation time of up to 4 h, which implied that L-HCA did not serve as a substrate for BsGR ( Fig. 2A) . Alternatively, BsGR was able to catalyze the racemization of D-HCA (Fig. 2B) ; albeit, the reaction was slower than when FnGR was the catalyst. However, when the concentration of BsGR was increased from 25.0 lgÁmL -1 to 150.0 lgÁmL -1 , and additional time allowed for reaction to proceed, complete racemization was eventually observed (Fig. S1 ).
There are many reports in the literature of racemases exhibiting equilibrium constants, calculated using the Haldane relation, that differ markedly from unity. Indeed, such deviations have been reported for variants of GR from Lactobacillus fermenti [66, 67] and wild-type GRs from other organisms [4, 50, 51] . These deviations from unity may arise due to the enzymes operating via an iso mechanism, in which the rate of interconversion of two free enzyme forms differing in protonation state is kinetically significant [68] . To the best of our knowledge, however, asymmetrical substrate enantioselectivity of the magnitude exhibited by HCA has not been observed for any GRs studied to date, with one notable exception. The L-Asp/Glu-specific racemase from E. coli exhibits the unidirectional conversion of either L-Asp or L-Glu to their corresponding enantiomers [61] . However, it has been proposed that this enantiospecificity arises because of an "unbalanced" pair of catalytic residues at the active site. The L-and D-specific Brønsted bases are Cys 197 and Thr 83, respectively, as opposed to most GRs, which have two catalytic Cys residues at their active sites. Indeed, conversion of Thr 83 to a Cys using site-directed mutagenesis yielded a GR variant capable of turning over D-Glu [61] . Intriguingly, both FnGR and BsGR exhibit enantioselectively with HCA as a substrate, despite having a "balanced" active site.
Effect of enzyme concentration
Notably, upon increasing the concentration of FnGR in the reaction mixture from 25.0 lgÁmL -1 to 50.0 lgÁmL -1 , we were able to observe slow conversion of L-HCA to D-HCA (Fig. 1C) , indicating that the L-enantiomer could indeed serve as a substrate of FnGR. When higher concentrations of L-HCA were assayed, higher concentrations of FnGR were required in order for racemization to be detected within 30 min after the initiation of reaction (i.e., 12. data not shown). Thus, increasing the concentration of FnGR permitted the enzyme to overcome an apparent inactivity or inhibition effect so that racemization of L-HCA could proceed. It is conceivable that the observed turnover of L-HCA accompanying the increase in the concentration of FnGR was due to a contaminant protein. However, the preparation of FnGR was >98% pure, as judged using SDS-PAGE analysis, and the RP-HPLC analysis revealed that L-HCA was indeed converted to D-HCA, consistent with the activity of a racemase. That a contaminating racemase would be responsible for this activity seemed highly unlikely. Consequently, we could reliably monitor L-HCA racemization using the CD-based assay only when the enzyme concentration was increased by at least fourfold (i.e., from 6.25 lgÁmL -1 to 25.0 lgÁmL -1 ) relative to the concentration routinely used to follow the racemization of D-HCA under the standard assay conditions (Table 1) . Examination of the dependence of the initial velocities on the total concentration of FnGR revealed a linear dependence at low concentrations of L-HCA (i.e., 2.5 and 8.0 mM, Fig. 3A ), but exhibited an upward curvature at higher concentrations of L-HCA (≥16.0 mM) (Fig. 3B ). This upward curvature with respect to [E] T suggested the possibility that FnGR was undergoing an association-dissociation event in the presence of L-HCA. When D-HCA was the substrate, the initial velocities exhibited a linear dependence on [E] T (Fig. 3C) . Consequently, the measured kinetic parameters for the racemization of L-HCA varied considerably with enzyme concentration, while they remained relatively constant when D-HCA was the substrate ( Table 1 ). Despite this experimental obstacle, the estimated kinetic parameters for L-HCA were similar, within error, to those for D-HCA when the initial velocity data were obtained under the same assay conditions (i.e., higher [E] T ). In addition, the values of K eq calculated using the Haldane relation [69] were approximately unity (Table 1) . Thus, when the apparent inhibitory effect was minimized, the racemization of L-HCA was catalyzed by FnGR with a similar efficiency to D-HCA, underscoring the pseudosymmetrical character of the enzyme observed when Glu is the substrate (Table 1 ) [46] .
Effect of HCA on FnGR quaternary structure -BN-PAGE
The effect of enzyme concentration on the ability of FnGR to utilize L-HCA as a substrate led us to consider the effect of HCA on the oligomeric state of the enzyme. To determine if an association-dissociation phenomenon such as ligand-induced shifting of the monomer-dimer equilibrium to favor the monomeric (inactive) form of the enzyme could be giving rise to the apparent asymmetry of the FnGR-catalyzed racemization of HCA, we analyzed the effect of a high concentration of L-HCA (45.0 mM) on FnGR quaternary structure, as a function of enzyme concentration using both BN-PAGE (Fig. 4) and DLS (vide infra). While neither D-nor L-Glu (45.0 mM) appreciably affected the apparent ratio of dimeric to monomeric species (Figs. 4A-C) , a clear increase in the relative concentration of the monomeric species was observed in the presence of L-HCA (Fig. 4D) respectively. Upon addition of more enzyme and further incubation, full racemization was eventually observed (see Fig. S1 ).
which the gel acts as a molecular sieve to separate the various oligomeric states of the protein, which are bound to Coomassie dye [55] . As such, one cannot conclude that the rate of establishing the equilibrium between the FnGR monomers and dimers is slow based on the observation of two distinct bands corresponding to each of these species. In fact, the DLS experiments (vide infra) and initial rate studies suggested that equilibration between the oligomeric forms of FnGR is rapid.
Interestingly, the L-HCA-induced monomerization was partially reversed when FnGR was simultaneously incubated with L-HCA and L-Glu (Fig. 4E) . This effect was particularly noticeable when [E] T ≥ 37.5 lgÁmL -1 (69) . Because the presence of L-Glu itself does not appear to affect FnGR quaternary structure [46] , this suggested that to alleviate the inhibitory effect, L-Glu must be capable of either displacing L-HCA from its binding site or inducing a conformational change in the protein that, to some degree, overrides the inhibitory effect of L-HCA, with or without a concomitant displacement of L-HCA. Indeed, it has been shown that GRs may undergo considerable structural transition upon substrate binding [4] .
To distinguish whether L-HCA binds at the active site or at an allosteric site to exert its inhibitory effect, we examined the effect of the A151V substitution on the apparent monomer-dimer ratio. In all X-ray crystal structures of GRs solved to-date, residue 151 (FnGR numbering) resides at the entrance to the active site. Previously, we showed that increasing the steric bulk of this residue by substitution with Val abolished the ability of FnGR to catalyze the racemization of D-and L-Glu [46] . In the present study, we used fluorescence quenching experiments to show that A151V FnGR does not bind D,L-Glu BN-PAGE analysis of A151V FnGR revealed that, similar to wild-type FnGR, the variant enzyme exists in a monomer-dimer equilibrium, regardless of the presence of either D-or L-Glu (Figs. 5A-C) . Intriguingly, a shift in the equilibrium to favor the monomeric species was also observed in the presence of L-HCA (45.0 mM) (Fig. 5D ), suggesting that L-HCA perturbs the quaternary structure of FnGR by binding at an allosteric site and not the active site. In the presence of L-Glu (45.0 mM), the L-HCA-induced monomerization of A151V FnGR (Fig. 5E ) was not reversed, suggesting that L-Glu probably exerts its "rescue" effect on wild-type FnGR by binding at the active site (not possible with A151V FnGR) and inducing a conformational change that overcomes the inhibitory effect of L-HCA.
Effect of HCA on FnGR quaternary structure -DLS
We also employed DLS to examine the oligomeriza- For BsGR in the absence of ligands, the mean hydrodynamic diameter was 4.1 nm, indicating that unlike FnGR, BsGR is monomeric in solution ( Table 2 ). The addition of either L-Glu, D-Glu, or D,LGlu yielded a population of dimers with d H values ranging between 6.3 and 7.0 nm. These DLS measurements are in agreement with the results obtained from gel-filtration experiments [46, 52] that suggest that the quaternary structure of BsGR is monomeric for the free enzyme and dimeric in the presence of either L-or D-Glu. Interestingly, in the presence of either L-or D-HCA, the observed mean hydrodynamic diameters were 4.1 and 4.8 nm, respectively, indicating that, unlike D-and L-Glu, neither L-nor D-HCA was capable of inducing dimerization of BsGR (Table 2 ). This observation may account for why D-HCA is a poorer substrate for BsGR than for FnGR.
Concluding remarks
Our initial observation that D-HCA was a substrate for FnGR, while L-HCA was not, was highly unusual considering the pseudosymmetry of FnGR observed when Glu is the substrate (i.e., k cat L-Glu % k cat D-Glu and K m L-Glu % K m D-Glu ) [46] . However, assays conducted with increased enzyme concentrations revealed that the racemization of L-HCA was catalyzed by FnGR, but that the ability of the enzyme to use this enantiomer as a substrate was masked by an L-HCA-induced shift of the monomer-dimer equilibrium toward the monomeric (inactive) form of FnGR. Our combined kinetic, BN-PAGE, and DLS data support the hypothesis that L-HCA destabilizes the quaternary structure of the enzyme, most likely through binding at an allosteric site.
Perturbation of the quaternary structure of proteins by the binding of small effector molecules is a common mechanism of enzyme regulation (e.g., see references [70] [71] [72] ). However, while such regulatory mechanisms usually involve substrate-induced oligomerization to generate a higher order species that is catalytically active (or more active), substrateinduced dissociation of oligomers appears to be a rare phenomenon (e.g., [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] ). Our observation that L-HCA can disrupt the active dimeric forms of FnGR and BsGR suggests an alternative strategy for developing inhibitors of GRs, that is, designing ligands that promote the formation of inactive, monomeric forms of GR (cf. references [83] [84] [85] [86] and Mn 2+ , identified as GR inhibitors through screening studies, were shown to function by the converse mechanism, that is, binding to the GR-substrate complex and promoting formation of an inactive dimeric form of the enzyme [43] . Although D,L-HCA (>1 mM) has been shown to be toxic to Glu-utilizing E. coli K12 cells [87] , whether this toxicity arises because of L-HCA-dependent inhibition of the GR activity remains to be elucidated.
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